Perinatal stroke is the leading cause of hemiparetic cerebral palsy (CP), resulting in life-long disability. In this study, we examined the relationship between robotic upper extremity motor impairment and corticospinal tract (CST) diffusion properties. Thirty-three children with unilateral perinatal ischemic stroke (17 arterial, 16 venous) and hemiparesis were recruited from a population-based research cohort. Bilateral CSTs were defined using diffusion tensor imaging (DTI) and four diffusion metrics were quantified: fractional anisotropy (FA), mean (MD), radial (RD), and axial (AD) diffusivities. Participants completed a visually guided reaching task using the KINARM robot to define 10 movement parameters including movement time and maximum speed. Twentysix typically developing children underwent the same evaluations. Partial correlations assessed the relationship between robotic reaching and CST diffusion parameters. All diffusion properties of the lesioned CST differed from controls in the arterial group, whereas only FA was reduced in the venous group. Non-lesioned CST diffusion measures were similar between stroke groups and controls. Both stroke groups demonstrated impaired reaching performance. Multiple reaching parameters of the affected limb correlated with lesioned CST diffusion properties. Lower FA and higher MD were associated with greater movement time. Few correlations were observed between non-lesioned CST diffusion and unaffected limb function though FA was associated with reaction time (R 5 20.39, p < .01). Diffusion properties of the lesioned CST are altered after perinatal stroke, the degree of which correlates with specific elements of visually guided reaching performance, suggesting specific relevance of CST structural connectivity to clinical motor function in hemiparetic children.
The principal white matter pathway for limb movement is the corticospinal tract (CST). In humans, the development of the CST begins in the first trimester and continues through adolescence (ten Donkelaar et al., 2004; Friel, Chakrabarty, & Martin, 2013; Nezu et al., 1997) .
These tracts begin with projections originating from each hemisphere, resulting in approximately equal proportions of contralateral and ipsilateral CST early in life (Friel et al., 2013) . During normal early motor development, ipsilateral projections are selectively withdrawn while contralateral connections are strengthened, leading to mature patterns of predominantly contralateral motor control (Eyre, Taylor, Villagra, Smith, & Miller, 2001) . Early unilateral brain injuries, such as perinatal stroke, alter this process, often leading to persistent ipsilateral control of the hemiparetic limbs by the non-lesioned hemisphere. An increase of such ipsilateral control of the paretic limb relative to preserved motor control from the original, lesioned hemisphere has been associated with worse motor function (Cioni, Montanaro, Tosetti, Canapicchi, & Ghelarducci, 2001; Holmstr€ om et al., 2010; Staudt et al., 2002; Ward, 2004; Zewdie, Damji, Ciechanski, Seeger, & Kirton, 2016) . Such models are well supported by both animal studies (Martin, Friel, Salimi, & Chakrabarty, 2007) and human studies employing both brain stimulation and advanced brain imaging mapping techniques (Eyre, 2007; Kirton, 2013; Staudt, 2007) . However, elements of structural connectivity remain to be defined.
Advances in neuroimaging offering opportunities to assess brain tissue microstructure can further refine such models. Neuroimaging can provide details about the neural, structural, and functional composition of the injured brain and contribute to understanding the links between anatomical injuries, plasticity, and resulting impairments.
Diffusion tensor imaging (DTI) can noninvasively characterize the structural connectivity and underlying microstructure of white matter pathways (Mori, Crain, Chacko, & van Zijl, 1999) . Diffusion imaging is sensitive to the motion of water molecules and can be modelled using a tensor to quantify diffusion anisotropy (the directionality of water motion) (Basser and Jones, 2002) . Fractional anisotropy (FA) is a commonly investigated biomarker of such diffusion and tissue microstructure, where greater values indicate more ordered diffusion along white matter tracts. Several studies in children with hemiparesis have demonstrated that reduced FA, indicative of more random diffusion within the stroke-affected CST, is associated with poor motor function in the contralateral, affected limbs (van der Aa et al., 2013a; Lennartsson et al., 2015; Roze et al., 2012; Yoshida et al., 2010) . More recently, we have investigated the relationship between sensory dysfunction (Kuczynski, Dukelow, Semrau, & Kirton, 2016; Kuczynski, Semrau, Kirton, & Dukelow, 2017b) and diffusion properties of the dorsal column medial lemniscus sensory pathways in children with perinatal stroke and hemiparetic CP (Kuczynski et al., 2017a) . We found that diffusion properties were abnormal (reduced FA and fiber count; increased diffusivities) in stroke subjects, the degree of which was associated with clinical measures of impaired sensorimotor function. This was facilitated by the use of robotics which allow the careful characterization and quantification of discrete sensory functions not amenable to clinical assessments alone.
The clinical evaluation of motor function in hemiparetic patients is similarly limited by the poor sensitivity of available clinical assessments and examiner bias. Robotic technology can help overcome this and be used to accurately quantify motor function in children (Aboelnasr, Hegazy, & Altalway, 2016; Fasoli et al., 2008; Little et al., 2015; Little et al., 2016) , and adults with stroke (Aisen, Krebs, Hogan, McDowell, & Volpe, 1997; Coderre et al., 2010; Dukelow, Herter, Bagg, & Scott, 2012; Kitago et al., 2015; Krebs, Ladenheim, Hippolyte, Monterroso, & Mast, 2009; Semrau, Herter, Scott, & Dukelow, 2015; Volpe, Krebs, & Hogan, 2001 ) and traumatic brain injury (Debert, Herter, Scott, & Dukelow, 2012) . In these studies, motor function as measured by robotic devices correlates with clinical measures of disability (Semrau et al., 2015) . We have recently characterized detailed dysfunction of visually guided reaching in both upper extremities of children with perinatal stroke and cerebral palsy (Kuczynski et al., 2017, under review) .
The relationship between CST structural connectivity and such robotic measures of motor performance in disabled children with perinatal stroke has not been investigated. Filling in such missing pieces of models for brain development following early injury is essential as they are now informing targeted interventional clinical trials with emerging evidence of efficacy and improved outcomes (Gillick et al., 2015; Kirton, 2016; Kirton et al., 2017) .
In this study, we examined the diffusion properties of bilateral CSTs in hemiparetic children with perinatal ischemic stroke and in typically developing controls. We aimed to characterize differences in CST structural connectivity in both hemispheres and their relationship to motor function as measured by both standardized clinical measures and robotic visually guided reaching performance. We hypothesized that the CST diffusion properties, specifically fractional anisotropy, in the lesioned hemisphere would differ from the CST in the non-dominant hemisphere of controls, the degree of which would be associated with robot-quantified motor performance.
| M ET HOD S

| Participants
Participants were recruited through the Alberta Perinatal Stroke Project, a population-based research cohort (Cole et al., 2017) . Inclusion criteria were age 6-19 years, term birth (36 weeks), MRI confirmed unilateral perinatal ischemic stroke (arterial or venous) (Kirton et al., 2008) , and clinical confirmation of symptomatic hemiparetic CP (0.5 in the sensorimotor component of the Pediatric Stroke Outcome Measure (Kitchen et al., 2012) , Manual Abilities Classification System (Eliasson et al., 2006) grade I-IV), and child and parent perceived functional limitations. Exclusion criteria included multifocal stroke, other neurological disorders not attributable to stroke, severe hemiparesis (Manual Abilities Classification System grade V), severe spasticity (Modified Ashworth Scale 5 4) or contracture, upper limb surgery or botulinum toxin injections in the last 6 months, and the inability to comply with testing protocols.
Typically developing children comparable in age and sex were recruited from the community and underwent the same evaluations.
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Healthy controls were right-handed per the Edinburgh Handedness Inventory (Oldfield, 1971) . The study was approved by the Research Ethics Board at the University of Calgary. Written informed consent and assent were obtained.
| Imaging acquisition and tractography
Participants were imaged at the Alberta Children's Hospital 3T MRI (GE Discovery MR750w, GE Healthcare, Waukesha, WI) using a 32-channel receive-only head coil (MR Instruments). High-resolution T1-weighted anatomical images were obtained using a fast-spoiled gradient echo sequence with the following parameters: 166 slices, repetition time (TR) 5 8.5 ms, echo time (TE) 5 3.2 ms, flip angle 5 11, field of view- isotropic, and scan duration 5 6:13 min. Images were visually inspected for artefacts. Eddy current distortions and participant movement in the diffusion weighted image was corrected using FSL's Diffusion Toolbox (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012) .
Using MRtrix software (Tournier, Calamante, & Connelly, 2012) , the diffusion tensor was calculated and a color-coded FA map delineating areas of high anisotropy and directionality of water diffusion was generated. Two ROIs were manually defined on axial slices at anatomically guided locations according to known anatomy using the color map for guidance ( Figure 1 ) (Oishi, Faria, Van Zijl, & Mori, 2011; Wakana, Jiang, Nagae-Poetscher, van Zijl, & Mori, 2004; Yoshida et al., 2010) . Bilateral CSTs were generated with the first ROI encompassing the cerebral peduncle and the second ROI placed in the posterior limb of the internal capsule. Probabilistic tractography was used to reconstruct the CSTs in both hemispheres separately requiring each streamline to pass through both ROIs (FA threshold 5 0.2, maximum turning angle 708, 7500 streamline samples). Spurious fibers definitively not within the CST (connecting to the corpus callosum or cerebellum) were identified and removed using exclusion ROIs. As this stage introduces some unavoidable subjectivity, standard rules were employed as previously described (Hodge, Goodyear, Carlson, Wei, & Kirton, 2017) . Average FA, radial (RD), axial (AD), and mean diffusivity (MD) of the entire tract were then calculated for each CST. Inter-rater reliability was performed by a second, blinded assessor (JAH) two months apart on a subset of 8 randomly selected stroke cases and controls. Intraclass correlations (ICC) evaluated inter-rater reliability of all CST diffusion outcomes.
In our right-handed controls, the CST generated in the left hemisphere was referred to as the dominant CST, whereas the contralateral right CST projecting to the left upper extremity was classified as nondominant. In stroke participants, the CST in the stroke-affected hemisphere was referred to as the lesioned CST while the contralateral CST from the non-lesioned hemisphere was classified as non-lesioned CST.
Accordingly, the upper extremities evaluated are referred to as dominant (right) or non-dominant (left) in controls and affected (contralateral to stroke) or unaffected (ipsilateral to stroke) for stroke cases. We acknowledge that both the non-lesioned CST and the "unaffected" arm may not be entirely normal but have chosen this convention for simplicity.
| Robotic visually guided reaching
Assessments were performed at the Foothills Medical Centre Stroke Robotics Laboratory (Calgary, Canada) using the KINARM robotic exoskeleton (BKIN Technologies Ltd., Kingston, Ontario). Participants sat in a modified wheelchair base, while the robot supported the participant's arms in the horizontal plane (Figure 2a ). The robot was customfit for each participant including risers for the arm troughs and a booster seat with foam padding for optimal limb positioning in smaller children. Once fit, participants were wheeled into the augmented reality workstation where virtual targets for the task were projected through a semi-transparent screen.
The KINARM robot assessed visually guided reaching of each arm separately (Coderre et al., 2010; Dukelow et al., 2012) . Participants were instructed to move their hand from a fixed central position to one of four peripheral circular targets as quickly and accurately as possible.
The peripheral targets were located in the circumference of a circle, Two thresholds were calculated for each participant based on their hand speed when holding in the central target (Coderre et al., 2010) .
The lower posture speed threshold corresponded to the 95th percentile while holding in the center target prior to peripheral target illumination.
The upper posture speed threshold corresponded to the 50th percentile of hand speed prior to peripheral target illumination. Movement onset was defined as the time at which hand speed fell below the lower speed threshold or a minimum in hand speed below the upper threshold was identified. If a participant's hand speed was never greater than the higher speed threshold, movement onset was defined as the time at which the hand left the central target. Movement offset was defined as the time at which the hand entered the peripheral target when hand speed was below the lower or higher speed threshold. If a participant did not reach the peripheral target, movement offset was not recorded. analysis (Tiffin and Asher, 1948) . Scores for both hands were recorded.
| Clinical assessment of motor function
| Statistical analysis
A one-way, mixed model analysis of covariance (ANCOVA) with Bonferroni post-hoc correction tested for differences in diffusion parameters in each hemisphere and robotic reaching performance among the stroke and control groups while controlling for age. Within each group, paired t tests evaluated differences of mean diffusion parameters of the CSTs between the two hemispheres. The relationship between DTI parameters, robotic visually guided reaching and clinical motor function was assessed using partial Spearman's correlations controlling for age.
When assessing the relationship between CST diffusion measures and robot parameters, all three groups were combined in the analysis to 
| RE S U L TS
| Population
A total of 63 participants underwent imaging and robotic assessment (AIS n 5 21, PVI n 5 16, controls n 5 26). Four AIS participants with large cortical/subcortical stroke were excluded from analyses due to the inability to reconstruct a CST in the lesioned hemisphere. Fifty-nine participants were included in the final analyses. Between all three groups, age (F(2,56) 5 0.14, p 5 .9) and sex (F(2,56) 5 0.35, p 5 .7)
were comparable (Table 1) . Three representative examples of reconstructed CSTs in participants with AIS, PVI, and a healthy control are shown in Figure 3 . This study was a subset of a larger study in children with perinatal stroke, and subsequently all stroke and control participants underwent full KINARM protocols completing sensory and motor tasks as previously reported (Kuczynski et al., 2016 (Kuczynski et al., , 2017a (Kuczynski et al., , 2017b .
Inter-rater reliability was high as defined by previous guidelines (Marenco et al., 2006) . 
| Visually guided reaching
Visually guided reaching performance is summarized in Table 2 and reported in detail elsewhere (Kuczynski et al., 2017, under review) .
Reaching data was not obtained in one AIS participant due to difficulty completing the task with the affected limb. Overall, the affected limb of the stroke participants showed reaching impairments compared to controls. Less impairment was observed with the unaffected limb. AIS and PVI groups did not differ in performance with their unaffected arm with the exception of lower maximum hand speed in the AIS group relative to PVI (F(2,54) 5 5.28, p < .05) when reaching out from the central target. With the unaffected limb, movement time was greater in AIS participants relative to PVI (F(2,54) 5 7.21, p < .05) when reaching out. Maximum speed when reaching out was also lower in the AIS group relative to PVI (F(2,54) 5 8.51, p < .01) and controls.
| CST diffusion properties and reaching performance
Significant correlations between all lesioned/non-dominant CST diffusion metrics and robotic reaching for were found only in the AIS group.
Correlations were not found in the individual groups between the nonlesioned/dominant tract and reaching of the "unaffected"/dominant limb. All three groups (AIS, PVI, and controls) were combined to demonstrate the correlations between motor tract connectivity and motor control across a pediatric sample.
Consistent and specific associations were observed between affected/non-dominant limb reaching performance and lesioned/nondominant CST diffusion properties (Table 3) . Of the 10 reaching parameters, 7 were highly correlated with CST diffusion measures of the lesioned/non-dominant hemisphere. These included reaction time, initial direction error, initial distance ratio, speed maxima count, minimummaximum speed difference, movement time, and path length ratio.
Without exception, all of these correlations were seen for all 4 of the primary diffusion outcomes (FA, MD, RD, and AD). In contrast, the other three reaching parameters (posture speed, initial speed ratio, and maximum speed) demonstrated no association for any of these four diffusion
metrics. An example of correlations with a spatial (initial direction error) and temporal (movement time) robotic parameter with diffusion properties of the CST in the non-dominant hemisphere is shown in Figure 5 . and initial speed ratio (R 5 0.39, p < .01) of the unaffected/dominant limb ( Table 3 ). The non-lesioned/dominant CST diffusion parameters did not correlate with reaching measures of the affected/non-dominant limb.
| CST diffusion properties and clinical measures of motor function
The AIS and PVI groups were combined (n 5 24) to examine the relationship between AHA and MA scores with CST diffusion properties. 20.53, p 5 .002). CMSA scores for the unaffected arm and hand did not correlate with any diffusion parameters of either the lesioned or non-lesioned CST.
All three groups were again combined (n 5 59) to assess the relationship between Purdue pegboard (PPB) scores and CST diffusion properties. PPB scores of the affected limb were lower in both the AIS and PVI group compared to controls (F(2,56) 5 51.7, p < .001; Table 1 
| D I SCUSSION
We assessed CST microstructure in hemiparetic and healthy children using probabilistic diffusion tensor imaging and evaluated the relation- Investigating white matter in the developing brain requires considerations across a protracted timeframe. White matter tracts develop during gestational weeks 24-34 with structural connectivity advancing past term and myelination continuing for decades (Jaspers, Byblow, Feys, & Wenderoth, 2015) . Even perinatal stroke injuries differ between preterm (PVI) and term (AIS) periods where location, size, white matter maturity, and other factors likely dictate subsequent developmental plasticity (Eyre, Miller, Clowry, Conway, & Watts, 2000; Staudt et al., 2002) . The development of CST diffusion metrics during childhood has been reported as nonlinear (Lebel and Beaulieu, 2011) though our measures appeared more linear. In keeping with previous studies, FA increased while MD, RD, and AD decreased with increasing age. Compared to the non-dominant tract in controls, the development of the lesioned CST in stroke cases appeared to follow a similar pattern.
Despite not following the same curve of white matter development, our observations fell within previously reported ranges (Lebel and Beaulieu, 2011) . These differences may also be due in part due to our modest sample size and wide age range with larger, longitudinal studies required to understand white matter developmental trajectories after perinatal stroke.
Ours is not the first study to explore CST diffusion biomarkers in hemiparetic children. Previous studies have found reduced FA in the lesioned CST in children with hemiparesis that correlated with simple motor assessments such as the Gross Motor Function Classification System (Yoshida et al., 2010 (Rose, Guzzetta, Pannek, & Boyd, 2011; Tsao, Pannek, Boyd, & Rose, 2013) .
Limitations of these studies include modest sample sizes and heterogeneous populations, typically all types of "hemiparetic cerebral palsy" rather than the specific stroke diseases focused on here. Acute and subacute measures of CST diffusion appears predictive of ultimate hemiparesis in neonates with AIS (van der Aa et al., 2013a; van der Aa et al., 2013b) . We believe our study brings additional important contributions. First, we describe the differences between two specific stroke types (AIS, PVI), demonstrating common themes but also diseasespecific differences in CST structural connectivity relative to controls.
Second, we have objectively quantified motor dysfunction using a validated robotic exoskeleton (Coderre et al., 2010; Debert et al., 2012; Dukelow et al., 2012 ), bringing a much deeper level of functional motor assessment with correspondingly greater detail of specific deficits.
Finally, this combination brought new opportunity to explore the role of both the lesioned and non-lesioned CST as well as clinical function in bilateral upper extremities.
We characterized five standard diffusion biomarkers within the CST. Studies suggest that FA and MD may be more global measures of diffusion, associated with uniformity and integrity of axonal fibers (Basser and Pierpaoli, 1996) . RD and AD, more specific measures, may relate to tract density and the degree of myelination, and axonal integrity, respectively (Mori and Zhang, 2006; Song et al., 2003) . We found that the lesioned CST was significantly impaired in all diffusion properties, suggesting a loss of ordered diffusion within the CST and possible disruption in axonal organization and density. Previous studies have found reduced FA in the lesioned CST of hemiparetic children that correlated with motor assessments such as the Gross Motor Function Classification System (Yoshida et al., 2010) , Assisting Hand Assessment, and Melbourne Assessment (Rose et al., 2011; Tsao et al., 2013) . Similarly in our study, we found correlations between the diffusion metrics of the lesioned CST and clinical motor assessments such as the Assisting Hand Assessment, Melbourne Assessment, Chedoke-McMaster Stroke Assessment, and Purdue Pegboard. These findings suggest that a loss of integrity and greater bulk diffusion in the non-dominant CST are related to poor motor outcome, and indicate that the lack of preservation of these tracts affects overall disability.
The non-lesioned hemisphere is an essential component of increasingly informed models of motor organization following perinatal stroke (Eyre, 2007; Kirton, 2013; Staudt, 2007) . Accordingly, the properties of the contralesional CST are of great interest. This pathway may include upper motor neuron projections to both the contralateral, less affected limbs (see below) as well as preserved ipsilateral projections to the affected extremities. We observed several differences in the diffusion measures of the non-lesioned CST including reduced FA in the AIS group and multiple affected limb clinical measures were correlated with non-lesioned CST FA. These results contrast with recent case-control studies from adult stroke suggesting non-lesioned CST diffusion metrics are often within normal range (Jang et al., 2016) . Studies of children with cerebral palsy suggesting no difference in diffusion properties of the CSTs between the two hemispheres share significant limitations (Yoshida et al., 2010) . Studies of normal children have suggested there is little difference between CST diffusion properties of the two hemispheres (Roze et al., 2012) . However, we recently described differences in both diffusion metrics and white matter signal intensity between the right and left hemispheres of typically developing school aged children (Kuczynski et al., 2017a) . We therefore suggest that detailed measurement of both imaging and clinical outcomes in well powered, controlled studies may be able to inform understanding of structural connectivity in the non-lesioned hemisphere.
Historical studies and our recent robotic study of reaching in perinatal stroke (Kuczynski et al., 2017, under review) Combined dysfunction of both motor and sensory systems likely contributes to disability in cerebral palsy. Complementary parallels to this study focused on motor tracts and corresponding deficits can be drawn to recent work in the sensory system. In a similar controlled study of hemiparetic children with perinatal stroke, we recently quantified the diffusion properties of the dorsal column medial lemniscus pathway (Kuczynski et al., 2017a) and correlated them with specific dysfunction of position sense (Kuczynski et al., 2016) and kinesthesia (Kuczynski et al., 2017b) . Children with AIS had reduced FA and fiber count, and increased MD, RD, and AD in the sensory tract in their lesioned hemisphere while similar but distinct abnormalities were observed in PVI subjects. This study appears somewhat in contrast to this relationship, where diffusion properties of the lesioned CST were quite similar between PVI and controls. These findings may suggest specific differences in the relevance of structural connectivity differences between both specific stroke types and the physiological function under consideration.
Despite its utility in imaging structural connectivity, DTI has several limitations. DTI is moderately sensitive to motion and noise, leading to co-registration errors and phase shifting that may be corrected with postprocessing procedures (Chen, Guo, & Song, 2006) . Selection of an adequate b-value may also affect the generated tracts. B-values reflect the timing and strength of diffusion weighted gradients, and generally a smaller b-value (i.e., 600-800 s/mm 2 ) is recommended for the pediatric population (H€ uppi and Dubois, 2006; Pannek, Guzzetta, Colditz, & Rose, 2012) . Owing to the large water content in the pediatric brain, a larger b-value may provide greater diffusion-weighting but also more noise.
The greatest limitations with DTI may be its inability to resolve crossing fiber (Tournier, Mori, & Leemans, 2011) and partial volume effects (Farquharson et al., 2013) . Crossing fibers can be observed in roughly 90% of the brain's white matter voxels (Jeurissen, Leemans, Tournier, Jones, & Sijbers, 2010) and DTI algorithms are unable to resolve intravoxel fiber heterogeneity. Moreover, regions containing these crossing fibers may be susceptible to intravoxel partial volume effects corresponding to different tissues (i.e., white matter, grey matter, cerebrospinal fluid) with differing anisotropy and diffusion metrics.
The result of this insensitivity is an average across different populations of fibers, which may not represent actual diffusion within the generated tracts. This averaging may further manifest as reduced fanning of the delineated tracts and may explain the lack of corticospinal projections to the upper extremity region of the motor cortex in the present study. A related limitation is the co-existence of both contralateral and ipsilateral upper motor neurons in the CSTs emanating from the contralesional hemisphere. Our future studies will combine brain simulation with diffusion imaging below the cervicomedullary junction to better delineate this issue of motor structural connectivity.
| CON CL U S I ON
Our observation of consistent correspondence between detailed motor behaviors and CST structural connectivity improves our understanding of structure-function relationships, stroke-induced microstructural changes, and how they differ with age and type of insult. Improving models of motor system developmental plasticity following early unilateral brain injury has the potential to advance emerging interventions (Kirton, 2016) . Establishing imaging biomarkers of potential for recovery can help prognostication (Wen et al., 2016) . Imaging predictors of responsiveness to therapeutic interventions may help select patients for clinical trials, bringing the potential of personalized medicine to pediatric neurorehabilitation. Collectively, such efforts may help to improve rehabilitation strategies and long term outcomes for disabled children with perinatal stroke and hemiparetic CP and their families.
